INTRODUCTION
Apurinic/apyrimidinic endonuclease/redox effector factor 1 (APE1) plays key roles in the base excision repair (BER) pathway of DNA lesions to maintain the genome stability (1) (2) (3) (4) (5) . It is also involved in regulating cellular responses to oxidative stress conditions. Abnormal expression/localization of APE1 has been found in tumor cells (6) (7) (8) . Up to now, a number of approaches have been developed for the detection of APE1, such as enzyme-linked immunosorbent assay (9) , electrochemical immunoassay (10), electrochemiluminescence immunosensor (11) and fluorescent DNA probes (12, 13) . However, most of them are only suitable for in-vitro applications. It remains a difficult issue to visualize the activity of this important protein within living cells due to the lack of specific tools. Silica nanoparticles (SiNPs) or silica coated magnetic coreshell NPs (SiMNPs) have been widely used to deliver DNA molecules into various types of cells for intracellular diagnosis or genetic therapy (14) (15) (16) (17) (18) (19) . The methods are straightforward, low-cost and biocompatictble. Several studies have shown that the SiMNPs can protect the immobilized DNA from nuclease digestion (20) (21) (22) . But the mechanisms for such protection effects are still uncertain.
Herein, we demonstrate that biotin-labeled abasic sitecontaining dsDNA (AP-DNA) attached to the avidinmodified surface of SiMNPs can be specifically and efficiently cleaved by APE1 while resistant to the nonspecific digestion by other nucleases. This unique property offers the possibility of APE1-mediated cleavage of DNA sequence at predetermined site in the intracellular environment which are admired in intracellular imaging and cancer therapy since APE1 levels often increase in cancer cells (7) . In this work, we systematically investigated the mechanisms for the avidin-organized molecular assembly. Moreover, we successfully visualized the intracellular activities of APE1 in living cells by fluorescence imaging and observed the variation of the enzyme activity under different conditions.
MATERIALS AND METHODS

Chemical reagents and materials
The DNA oligonucleotides were synthesized and purified by HPLC (Sangon Biotech Co., China). The sequences of all the DNA strands that have been studied in this work are summarized in Supplementary Table S1. Silica-coated magnetic Fe 3 O 4 nanoparticles (SiMNPs) were purchased from Suzhou Nord Derivatives Pharm-Tech Co. Ltd. (Suzhou, China). Avidin, streptavidin, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) and 7-nitroindole-2-carboxylic acid were purchased from Sigma Chemical Co. (St. Louis. MO, USA). Apurinic/apyrimidinic endonuclease I (APE1), uracil-DNA glycocasylase (UDG), deoxyribonuclease I (DNase I), exonuclease III (Exo III), exonuclease I (Exo I), lambda exonuclease ( exo), T5 exonuclease (T5 Exo), T7 exonu-clease (T7 Exo) and their corresponding buffers (Supplementary Table S2 ) were all purchased from New England Biolabs (NEB, USA). Hoechst 33342, propidium iodide (PI) and cell-counting kit (CCK-8) were all obtained from Dojindo Laboratories (Kumamoto, Japan). tert-Butyl hydroperoxide (TBHP) were purchased from Aladdin Industrial Inc. Dulbecco's modified Eagle's medium (DMEM) and Dulbecco's phosphate buffer solution without calcium and magnesium (DPBS) were purchased from Corning (Manassas, VA, USA). Human cervical carcinoma cell line (HeLa) was purchased from ATCC (Manassas, VA, USA).
Synthesis of DNA-nanoprobes
Nanoprobe A. To 2.0 ml of 0.5 mg/ml of carboxylfunctionalized Fe 3 O 4 @SiO 2 NPs (SiMNPs) in ddH 2 O, 4.0 mg of EDC and 10.0 mg of Sulfo-NHS were added and mixed well. The solution was incubated at room temperature with gentle shaking for 30 min. Then, 100 l of 2.0 mg/ml avidin was added and the obtained solution was incubated at room temperature with gentle shaking for 8 h. After magnetic separation and washing for three times, the avidin modified nanoparticles (SiMNP@AVD) were dispersed in 2.0 ml of ddH 2 O, to which the preannealed 46-Biotin/18-FAM DNA duplex (Supplementary Table S1 ) was added at a final concentration of 1.0 M. After incubation for 1 h, the resultant solution was magnetically separated and washed for three times with 0.1 M phosphate-buffered saline (pH 7.4, PBS) to remove the unreacted DNA. The obtained Nanoprobe A-U (Fe 3 O 4 @SiO 2 @AVD-dsDNA) was resuspended in 2.0 ml 0.1 M PBS for further use or stored at 4
• C. To prepare Nanoprobe A, 5.0 l of 1.0 mg/ml Nanoprobe A-U and 5.0 l of 10× buffer 1.1 were first mixed well in a 50 l PCR tube containing 37 l of distilled water. Then, 1.0 l of 500 U/ml UDG was added to the mixture solution to remove the uracil in Nanoprobe A-U. After 2 min, the obtained Nanoprobe A (Fe 3 O 4 @SiO 2 @AVD-AP-DNA) was immediately used for further analysis.
Nanoprobe S. The synthetic procedures for Nanoprobe S are generally the same as those for Nanoprobe A except that avidin has been replaced by streptavidin. In brief, 4.0 mg EDC, 10.0 mg Sulfo-NHS and 1.0 mg of carboxylfunctionalized Fe 3 O 4 @SiO 2 NPs were mixed well in 2.0 ml of pure water. After 30-min incubation at room temperature with gentle shaking, 100 l of 2.0 mg/ml streptavidin was added and the solution was incubated for 8 h at room temperature with gentle shaking. After magnetic separation and washing for three times, the strepavidin modified nanoparticles (SiMNP@SA) were dispersed in 2.0 ml of ddH 2 O, to which the pre-annealed 46-Biotin/18-FAM DNA duplex was added at a final concentration of 1.0 M. After incubation for 1 h, the resultant solution was magnetically separated and washed for three times with 0.1 M phosphate-buffered saline (pH 7.4, PBS) to remove the unreacted DNA. The obtained Nanoprobe S-U (Fe 3 O 4 @SiO 2 @SA-dsDNA) was resuspended in 2.0 ml 0.1 M PBS for further use or stored at 4
• C. To prepare Nanoprobe S, 5.0 l of 1.0 mg/ml Nanoprobe S-U and 5.0 l of 10× buffer 1.1 were first mixed well in a 50 l PCR tube containing 37 l of distilled water. Then 1.0 l of 500 U/ml UDG was added to the mixture solution to remove the uracil in Nanoprobe S-U. After 2 min, the obtained Nanoprobe A (Fe 3 O 4 @SiO 2 @SA-AP-DNA) was immediately used for further analysis.
Nanoprobe C. 4.0 mg EDC, 10.0 mg Sulfo-NHS and 1.0 mg of carboxyl-functionalized Fe 3 O 4 @SiO 2 NPs were mixed well in 2.0 ml of pure water. After 30-min incubation at room temperature with gentle shaking, the preannealed 46-NH 2 /18-FAM DNA duplex was added at a final concentration of 1.0 M. After incubation for 8 h at room temperature with gentle shaking, the resultant solution was magnetically separated and washed for three times with 0.1 M phosphate-buffered saline (pH 7.4, PBS) to remove the unreacted DNA. The obtained Nanoprobe C-U (Fe 3 O 4 @SiO 2 @CO-NH 2 -dsDNA) was resuspended in 2.0 ml 0.1 M PBS for further use or stored at 4
• C. To prepare Nanoprobe C, 5.0 l of 1.0 mg/ml Nanoprobe C-U and 5.0 l of 10× buffer 1.1 were first mixed well in a 50 l PCR tube containing 37 l of distilled water. Then 1.0 l of 500 U/ml UDG was added to the mixture solution to remove the uracil in Nanoprobe C-U. After 2 min, the obtained Nanoprobe C (Fe 3 O 4 @SiO 2 @ CO-NH 2 -AP-DNA) was immediately used for further analysis.
Nanoprobe N. 4.0 mg EDC, 10.0 mg Sulfo-NHS and 2.0 nmol pre-annealed HOOC-46/FAM-18 DNA duplex were mixed well in 1.0 ml of pure water. After 30-min incubation at room temperature with gentle shaking, the resultant solution was added to 1.0 ml of 1.0 mg/ml of aminofunctionalized Fe 3 O 4 @SiO 2 NPs. After incubation for 8 h at room temperature with gentle shaking, the resultant solution was magnetically separated and washed for three times with 0.1 M phosphate-buffered saline (pH 7.4, PBS) to remove the unreacted DNA. The obtained Nanoprobe N-U (Fe 3 O 4 @SiO 2 @ NH 2 -CO-dsDNA) was resuspended in 2.0 ml 0.1 M PBS for further use or stored at 4
• C. To prepare Nanoprobe N, 5.0 l of 1.0 mg/ml Nanoprobe-N-U and 5.0 l of 10× buffer 1.1 were first mixed well in a 50 l PCR tube containing 37 l of distilled water. Then 1.0 l of 500 U/ml UDG was added to the mixture solution to remove the uracil in Nanoprobe N-U. After 2 min, the obtained Nanoprobe N (Fe 3 O 4 @SiO 2 @ NH 2 -CO-AP-DNA) was immediately used for further analysis.
In-vitro enzymatic reactions
All the in-vitro enzymatic reactions were carried out in 50 l sealed PCR tubes. The fluorescence intensity of the reaction solution was monitored in real time on Rotor-Gene Q (Qiagen, Germany). The thermal program was 250 cycles at 37
• C with 5 s per cycle, and the fluorescence was measured at the end of each cycle. The excitation and emission wavelengths are 470 and 510 nm, respectively. The fluorescence gain level is 10. The reaction buffers for different enzymes are listed in Supplementary Table S2 . The concentration of the nanoprobes used for the enzymatic reactions was fixed at 0.1 mg/ml unless otherwise stated. Table S1 ) and Probe 1' (BHQ1-46/18-FAM duplex) were used as the Biotin-labeled and Non-biotin-labeled AP-DNA, respectively. All experiments were repeated at least three times.
RESULTS AND DISCUSSION
We investigated four different approaches to attach AP-DNA (Supplementary Table S1 ) to the surface of Fe 3 O 4 @SiO 2 NPs and compared the digestion rates of the immobilized AP-DNA in the presence of APE1 and DNase I, respectively ( Figure 1A ). Since magnetic nanoparticles had very strong quenching effect on the fluorescence of FAM and other dyes (23, 24) , no additional quencher was attached to the AP-DNA. Nanoprobe N was prepared by directly conjugating carboxyl-labeled AP-DNA to amino-modified SiMNPs, which showed no responses to either APE1 or DNase I, indicating complete inhibition of the interactions between the DNA and nucleases by the SiMNPs. These results were consistent with the previous findings (20) (21) (22) . In contrast, when amino-labeled AP-DNA was directly conjugated to carboxyl-modified SiMNPs, the obtained Nanoprobe C showed observable cleavage signals for both APE1 and DNase I. Then we first coated the surface of SiMNPs with streptavidin or avidin, then attached the biotinlyted DNA sequences to the streptavidin or avidin modified surfaces (25) . Surprisingly, the streptavidin-conjugated DNA probe (Nanoprobe S) showed weaker responses to both nucleases than Nanoprobe C, though they have almost similar zeta potential values ( Figure 1B) . By contrast, the avidin-conjugated DNA probe (Nanoprobe A) showed significantly higher fluorescence signals to APE1 than other three nanoprobes, while its response to DNase I was as low as that of Nanoprobe S ( Figure 1A ).
Above results indicated that the conjugation chemistry of DNA molecules on the surface of SiMNPs had significant effects on the interactions between the attached DNA and nucleases. Nanoprobe C and Nanoprobe S have much more negative charges than Nanoprobe N, which may orient the immobilized DNA molecules to a more extended conformation on the surface of SiMNPs. Thus their digestion rates by DNase I were relatively higher than that of Nanoprobe N. However, the zeta potential data could not explain the distinct interactions between Nanoprobe A and APE1. APE1 (pI = 8.33) and avidin (pI = 10.0) both have positive charges in the reaction buffer (pH 7.0, Supplementary Table S2 ), while DNase I (pI = 4.7) bears more negative charges. These electrostatic interaction features were not the major reasons for the results in Figure 1A .
By comparison of the results of Nanoprobe S with those of Nanoprobe C, the density of DNA may not be a major factor that dominate the digestion reactions. Moreover, since APE1 is also highly dependent on the presence of Mg 2+ (26) , the previously suggested mechanisms of low metal ion concentration for the inhibited digestion of the plasmid DNA by DNase I (20,21) seemed to be not supported by above results. Wang et al. proposed that the conformational change of DNA after binding to the surface of the NPs will protect DNA from cleavage (20) . From the results shown in Figure 1 , these conformational changes had little effects on the digestion of DNA by APE1, thus the contribution of this factor was also very limited. To find out the real reasons for our experimental results, we investigated the influences of free avidin molecules on the reactions between APE1 and AP-DNA in homogeneous solutions. Probe 1 (BHQ1-46-biotin/18-FAM duplex) has the same sequence as the AP-DNA immobilized on Nanoprobe A. BHQ1 was labeled to the 5 end of Probe 1 so that the fluorescence of FAM can be efficiently quenched in the absence of target APE1. Probe 1' (BHQ1-46/18-FAM duplex) is a control probe for Probe 1 which was not labeled with biotin at the 3' end. From Figure 1C , addition of avidin to the reaction solution notably enhanced the digestion rate of both biotin-labeled (Probe 1) and non-biotin-labled (Probe 1') AP-DNA by APE1, indicating that avidin itself has a tendency to interact with APE1 which is independent on biotin. By contrast, the enzymatic reactions of DNase I and Exo III were notably inhibited in the presence of avidin (Supplementary Figures S1 and S2) . The influences of streptavidin on the enzymatic reactions of the three nucleases were also tested, which were found to be quite different from those of avidin ( Figure 1C , Supplementary Figures S1 and S2). These results substantially indicated that additional proteins can have significant influences on the DNAenzyme interactions.
To further clarify the specific interactions between avidin and APE1, we performed a surface plasmon resonance (SPR) measurement by immobilization of APE1 on the chip surface and injection of avidin as an analyte. Streptavidin was also tested in the same manner for comparison. As shown in Figure 2A , avidin showed significant binding with APE1 (K D = 3.2 nM), while streptavidin only showed very weak interactions with APE1 (Supplementary Figure S3) . Then we further incubated APE1 solution with the avidinmodified SiMNPs. For comparison, RNase A (pI = 9.6) which also has positive charges as APE1 and Exo III (Mr = 31 kDa) which has similar size as APE1 (Mr = 33 kDa) were also tested. Figure 2B showed that APE1 was selectively retained by the avidin-SiMNPs, while other two nucleases showed negligible interactions with either the SiMNPs or the avidin modified SiMNPs.
Above results clearly indicated that the interactions between avidin and APE1 were strong enough to recruit the APE1 in the solution to the surface of SiMNPs. A possible model was proposed for the specific interactions between avidin, APE1 and the DNA probe (Scheme 1). The specificity might be attributed to the interrelated interactions among surface proteins on SiMNPs, enzymes and DNA substrates, which significantly facilitated the binding and cleavage of DNA by APE1. Taken the data in Figure 1C and 2B together, avidin could not only recruit APE1 to the surface of SiMNPs, but also notably enhance the activity of APE1 in the digestion of the AP site. This is most likely because the binding of APE1 to avidin induces the conformation change of APE1, which is more close to the active state of the enzyme, thus greatly accelerated the subsequent incision reactions. More detailed mechanisms merit further investigation. Figure 3A and B shows that Nanoprobe A can rapidly respond to APE1 at different concentrations with a linear range from 0.01 to 1.0 U/ml and a detection limit of 0.01 U/ml. This is more sensitive than the previously developed DNA fluorescent probe for in-vitro APE1 detection (13) . Figure 3C summarizes the selectivity of Nanoprobe A for APE1 against other possibly coexisting nucleases. The fluorescence signal of DNase I at the tested concentration as high as 5.0 U/ml was <10% of that of APE1 at 2.0 U/ml, indicating excellent selectivity of Nanoprobe A in the detection of APE1 against DNase I. Exonuclease III (Exo III) is both a 3 −5 exonuclease and an AP endonuclease, thus it may also cleave the AP site and generate fluorescence signals. Figure 3C shows that the fluorescence signal of 4.0 U/ml of Exo III was comparable to ∼20% of 2.0 U/ml of APE1, indicating that Nanoprobe A was much more sensitive to APE1 than to Exo III. The influences of other exonucleases on the detection of APE1 were negligible.
The transmission electron microscopic (TEM) images and dynamic light scattering (DLS) measurement results showed that Nanoprobe A has a regular spherical morphology with an average hydration diameter of about 67 nm (Supplementary Figure S4, Supplementary Table S3 ). The amount of DNA attached to the SiMNPs was estimated by measurement of the DNA concentration in the supernatant before and after the immobilization reaction. For Nanoprobe A, the number of DNA duplexes conjugated to each nanoparticle was calculated to be 98 ± 8. The efficiency of UDG in removal of the uracil in the DNA duplexes attached to the nanoparticles were examined by changing the UDG concentration and treatment time. From the results shown in Supplementary Figure S5 , increase of the UDG concentration did not help to improve the yield of AP-sites; whereas prolongation of the treatment time may lead to complete removal of the uracil in Nanoprobe A-U. Since about 80% of the uracils had been removed in the first 2 min and the amount of the AP-DNA duplexes were high enough for the subsequent reaction with APE1, we adopted the treatment conditions of 10 U/ml of UDG for 2 min. Under this condition, the obtained Nanoprobe A could be effectively used to measure the activity of APE1.
For 0.1 mg/ml Nanoprobe A, it was observed that 1.0 M NaOH can completely destroy the AP sites. Employing NaOH-treated Nanoprobe A as the positive control, we also evaluated the digestion efficiency of APE1 on Nanoprobe A. As shown in Supplementary Figure S6 , the cleavage rate of Nanoprobe A by 1.0 U/ml of APE1 was close to that of 1.0 M NaOH. After about 10 min, all the AP sites on Nanoprobe A had been cleaved by both APE1 and NaOH, which substantially proved the high digestion efficiency of APE1 on Nanoprobe A. The digestion rates of APE1 on Nanoprobe A were also compared with those on the naked DNA substrates. For 0.1 mg/ml of Nanoprobe A which contained about 94 ± 8 nM of ds DNA in the 50 l reaction solution, the digestion rate by 1.0 U/ml of APE1 was observed to be 0.21 ± 0.01 a.u./s. Then we measured the digestion rate of 100 nM free Probe 1 by 1.0 U/ml of APE1, which was found to be 0.18 ± 0.02 a.u./s under the same conditions. The slightly higher reaction rate of Nanoprobe A may be attributed to the presence of avidin on the surface of the nanoparticles, which may help recruit APE1 to the AP-DNA substrates and enhance the digestion activity of APE1 on the AP sites. The cytotoxicity of Nanoprobe A was also examined by using the Cell Counting Kit-8 (CCK-8) and proved to be very low (Supplementary Figure S7) .
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Nucleic Acids Research, 2017, Vol. 45 For comparison, RNase A which has the same pI as APE1 and Exo III which has the same molecular weight as APE1 were also tested. All experiments were repeated at least three times. Scheme 1. Schematic representation of a possible model for the specific interactions between the avidin-modified SiMNPs and APE1 which determines the selectivity of Nanoprobe A toward APE1. The avidin organized AP-DNA-SiMNP assembly enables cleavage of Nanoprobe A at predetermined specific site in the intracellular environment. Nanoprobe A-U was first prepared, then the nanoparticles were treated with UDG to obtain Nanoprobe A.
Next, we attempted to deliver Nanoprobe A into living cells to monitor the activity of APE1 in situ. Hoechst 33342 (a blue fluorescent dye) and Lyso-Tracker Red (a red fluorescent dye) were used to stain the nucleus and lysosome of the living cells, respectively. As shown in Figure 4 , the fluorescence signals of Nanoprobe A could be clearly observed in the cytoplasm after 45 min and the intensity gradually increased to the maximum at 120 min.
To confirm that the intracellular fluorescence signals were generated from the cleavage of AP-site of Nanoprobe A by APE1, Nanoprobe A-U which has the same sequence as Nanoprobe A except that the uracil was not removed by UDG treatment (see Supplementary Table S1 ) was used as a control probe and transferred into cells to monitor the background signals originated from other sources inside the cells. From Figure 5 , little fluorescence of Nanoprobe A-U could be observed even after incubation for 120 min, which substantially proved the specificity of Nanoprobe A. We also monitored the variation of APE1 activity in living cells after treatment with different drugs. Tert-butyl hydroperoxide (TBHP) (27) and 7-nitroindole-2-carboxylicacid (NCA) (28) were employed to study the activitation and inhibition effects of APE1 in HeLa cells, respectively. As shown in Figure 5 , the fluorescence signals in NCA-treated cells significantly decreased, whereas the fluorescence intensity in TBHP-treated cells obviously increased. Higher fluorescence signals could be observed with the increase of the amount of TBHP used to treat the cells. These results demonstrated that Nanoprobe A was capable of differentiate cells that express different levels of APE1 (7) . The probe could also be used to screen stimulators and inhibitors of APE1 in situ in living cells.
Moreover, it has been reported that cancer cells usually have higher APE1 expression, suggesting that Nanoprobe A would be cleaved more efficiently inside cancer cells. This actually provides a new and very promising way to differentiate cancer cells from normal cells. Base on this unique property, Nanoprobe A may serve as a delivery tool for selective release of anti-cancer drugs in cancer cells. It also holds great potential in exploring the roles of APE1 in regulating cellular responses and the mechanism.
CONCLUSIONS
In this work, we systematically investigated the effects of different conjugation strategies on the cleavage of DNA by several commonly existing nucleases in cells. For the first time, we report the specific interactions between APE1 and avidin. We demonstrated that biotin-labeled abasic site-containing dsDNA (AP-DNA) attached to the avidinmodified surface of SiMNPs can be specifically and efficiently cleaved by APE1 while resistant to the nonspecific digestion by other nucleases. The obtained Nanoprobe A could sensitively respond to APE1 at a concentration level as low as 0.01 U/ml. More importantly, the nanoprobe could be effectively internalized by living cells and enabled Figure 5 . Confirmation of the cleavage of Nanoprobe A at the AP-site by APE1 in the intracellular environment. Nanoprobe A-U had the same sequence as Nanoprobe A except that the the uracil base was not removed by UDG treatment (see Supplementary Table S1 ).
cleavage of DNA sequence at the AP-site in the intracellular environment. This unique property offers the possibility of APE1-mediated cleavage of DNA sequence at predetermined site in the intracellular environment which are admired in intracellular imaging and cancer therapy since APE1 levels often increase in cancer cells. Furthermore, this nanoprobe realized for the first time in situ tracking of the variation of intracellular APE1 activity in response to different drugs. It holds great potential in exploring for the roles of APE1 in regulating cellular responses and also provides a useful tool for discovery of novel anti-cancer drugs.
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